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Abstract 
 
Coarse- and fine-grained sediment discharge to the coast can aid in the stability of 
barrier islands and back-barrier marshes, respectively, as they adapt to sea-level rise and 
increased storminess. This study presents geologic and historical records to ascertain the 
anthropogenic impacts from damming and deforestation on sediment discharge from the 
Merrimack River to the coast in northern Massachusetts. Radiocarbon and short-lived 
radioisotope dating, combined with geochemical records of industrial contaminants, 
indicate very low accretion rates at this site during the past 500 years, ranging from 0.01 
to 0.25 g cm-2 yr-1. Peak rates near 0.25 g cm-2 yr-1 coincide with the period following the 
industrial revolution (ca. 1850–1900) but have since remained relatively high (0.14 g cm-
2 yr-1, 1955–2015). These data demonstrate that this environment has undergone minimal 
sedimentary reworking and that sediment accretion has long been outpaced by rates of 
historic relative sea-level rise (1.0–2.8 mm/yr).  Records of δ13C indicate a shift in 
sediment source from more marine to more terrestrial coincident with the arrival of 
Europeans in New England (ca. 1614-1700). While colonial deforestation may have 
facilitated rapid marsh expansion in this system along small coastal rivers in the 17th and 
18th century, these geologic and historical records indicate that increased sediment 
discharge from larger rivers is delayed by comparison. 
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Introduction 
 
 Coastal watershed communities account for 52% (163.8 million) of the total 
population of the United States and are among the most densely populated in the nation 
(NOAA, 2013). Coastal communities accommodate 65.2 million housing units and 55% 
of all vacation homes in the nation (NOAA, 2013). Infrastructure amounts to $3 trillion 
along the U.S. East and Gulf coasts alone (USGS, 2006). These communities and their 
populations are particularly at risk to the effects of accelerated sea-level rise and global 
climate change (McGranahan et al., 2007). Additionally, coastal climate-change impacts 
are projected to preferentially negatively affect minority and impoverished communities 
in the United States and around the globe (Lynn et al., 2011). For these reasons, it is 
essential that policy-makers and scientists alike better understand adaptations that can be 
made for the safety, health, and economic well-being of these communities. 
 Much of the influential literature on coastal response to climate change has focused 
on predicting flooding related to accelerated sea-level rise (e.g., Sallenger et al., 2012; 
Schaeffer et al., 2012) and the damage caused by increased threats from seasonal storms 
like hurricanes and nor’easters (e.g., Donnelly and Woodruff, 2007; Lin et al., 2012). 
More recent research, however, has emphasized the importance of sediment supply in 
ensuring the health of coastal populations and ecological communities (e.g., Blum and 
Roberts, 2009; Tweel and Turner, 2012). Coastal sediment supplies are greatly influenced 
by human activities such as urbanization, deforestation, the damming of rivers, quarrying, 
agricultural growth, land reclamation, mining, and growth in impermeable surfaces 
(Meade, 1982; Wang et al., 2007; Yang et al., 2010; Kirwan et al., 2011; Milliman and 
Farnsworth, 2011). In particular, fluctuations in the import of sediments to the coasts 
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threatens the integrity and health of barrier islands, elongate bodies of sand which parallel 
the shoreline, and their back-barrier systems of lagoons, marshes, and tidal flats. Barrier 
islands play a vital role in protecting coastal and ecological communities from storms 
(Otvos, 2012). Back-barrier marshes also act as a buffer zone between the coastal ocean 
and inland coastal communities (Otvos, 2012). Additionally, these marshes provide 
essential ecosystem services like water filtration, host diverse ecological species (Barbier 
et al., 2011), and function as a natural sink for carbon (Kirwan and Mudd, 2012). Marshes 
and tidal flats behind these barriers require a sufficient sediment supply to grow vertically 
in response to sea-level rise (Gedan et al., 2009) and avoid destruction that would negatively 
impact the global carbon cycle. Finally, barrier-island systems provide important recreation 
and economic services. Back-barrier systems provide leisure and tourism space for visitors 
and residents alike, as well as support fishing and other water-based recreational and 
commercial activities (Brander et al., 2006). It is of vital concern nationally and globally that 
coastal zone research and decision-making account for variable rates of sediment delivery to 
barriers and back-barrier systems.  
 One such barrier system which relies on sediment derived from proximal terrestrial 
sources is Plum Island, Massachusetts (figure 1).  The longest barrier island in the Gulf of 
Maine, Plum Island provides protection from the coastal ocean to the Great Marsh, an 
approximately 100 km2 ecologically diverse back-barrier ecosystem, and the largest 
contiguous marsh north of Long Island, NY. Sediment contributing to accretion in this 
system is dominantly derived from the Merrimack River (Hartwell, 1970; Hein et al., 2012; 
Hein et al., 2014; Fallon, 2015). This coupled fluvial-coastal system provides a valuable field 
site to track anthropogenic changes to sediment supply because of its history of relatively 
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early European settlement (Donahue, 2004; Kirwan et al., 2011) and legacy of industrial mill 
and dam expansion along the Merrimack River (Molloy, 1976; Steinberg, 1991).  
 This study captures changes in the rate and nature of fine sediment exported from the 
Merrimack River in New England during the period of European occupation (ca. 400 
years). This study provides multi-proxy records of changes in coastal sediment discharge 
using cores collected from Joppa Flats, a tidal flat within the estuarine mouth of the 
Merrimack River. These records elucidate the impacts of humans on coastal sediment 
discharge primarily through reconstruction of historical sediment accretion rates at Joppa 
Flats. Additional information on grain size, mineralogy, and sediment sources further our 
knowledge of the sediment delivery processes affecting the Great Marsh and similar back-
barrier systems. This high-resolution analysis of anthropogenic perturbations to sediment 
supply has far-reaching implications for environmental and land-use policies related to 
logging, damming, and urbanization.  
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Figure 1: A) Merrimack River watershed with major dam sites highlighted in yellow. B) 
Merrimack Embayment in coastal New England. C) Study site in the Merrimack River Estuary. 
Joppa Flats is in the back-barrier of Plum Island and the estuary of the Merrimack River. Red box 
indicates coring locations from Figure 6. Figure modified from Hein and Stone, 2014.  
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Figure 2: Conceptual model comparing a natural coupled fluvial-coastal system to a coastal-
fluvial system facing significant anthropogenic modifications. Figure courtesy of C. Hein.  
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2. Background and Literature Review 
Coastal Setting  
 Joppa Flats, a tidal flat in the Merrimack River estuary (figure 1), is located along 
the Gulf of Maine in northeastern Massachusetts near where the Merrimack River 
debouches into the Merrimack Embayment, creating one of the largest estuaries in the 
Gulf of Maine. The Merrimack Embayment is located along a mixed-energy, tide-
dominated coastline, resulting in extensive tidal flats in the estuary. The spring tidal 
range in the Merrimack Embayment is 2.9 meters (Hein et al., 2014). The Merrimack 
River feeds a chain of barrier islands that stretch approximately 34 kilometers along the 
Gulf of Maine. The most proximate of these barrier islands is Plum Island to the south of 
the Merrimack River’s mouth. Joppa Flats is located just west of the Merrimack River 
Inlet in the lower energy zone of the estuary, where poorly-sorted fine-grained sands and 
muds are deposited (Hartwell, 1970; FitzGerald et al., 2005). These sediments are 
dominantly derived from the 13,000 km2 Merrimack River Valley, stretching from 
northwestern New Hampshire in the north to northeastern Massachusetts in its southern 
reaches.  
Bedrock & Surficial Geology 
 The Merrimack River flows 180 kilometers toward the coast of Massachusetts from 
the White Mountains of New Hampshire. The bedrock geology of the Merrimack River 
valley consists predominantly of granitic plutons and sandy glacial deposits (FitzGerald 
et al., 2005). The sandy proglacial deposits are derived primarily from Pleistocene glacial 
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advancement and retreat in the Wisconsinan and Illinoian glaciations and consist of 
physically and chemically weathered granites (Hanson and Caldwell, 1989; Stone et al., 
2006). As the Merrimack River enters Massachusetts, it turns eastward, hemmed in by 
glacial sediments, till, and the bases of drumlins (Stone et al., 2006; Hein et al., 2013). 
The river’s estuarine channels transport sands of granitic origin, as evidenced by 
abundant mica. The sands are sub-angular to rounded and contain many rock fragments, 
suggesting the sands are locally derived (FitzGerald et al., 2005). The spring freshet, a 
time of peak discharge from snow-melt runoff, greatly influences sediment discharge, 
particularly bedload (FitzGerald et al., 2005).  
Global Sediment Discharge 
 Sediment discharge to coastal systems has been studied on global, regional, and 
local geographic scales and at various time-scales (Fig. 3). Milliman and Farnsworth 
(2011) find that global sediment discharge has declined as a result of anthropogenic land 
use alterations such as dam construction. Wang et al. (2007) look specifically at the 
Yellow River in China, where suspended sediment data show a decrease in sediment 
discharge over the last 55 years, attributable to dam installation, soil conservation 
practices, and decreased rainfall, among other factors. Yang et al. (2011) consider the 
effects of dams along the Yangtze River, finding a transformation of the river from net 
accretion of sediment to net erosion because of sediment trapping behind dams. This 
sediment trapping along the Yangtze greatly impacted coastal marshes at the river delta, 
inhibiting accretion (Yang et al., 2010). In New England, human impacts are 
compounded by an overall dearth of sediment due to glaciation (Meade, 1969). During 
the post-glacial period the river-coastal system of the Merrimack Embayment was 
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marked by a history of variable sediment supply. In the early paraglacial, the system 
reached a paraglacial sand maximum, during which large volumes of glacially-derived 
sand were transported downstream. Sediment source shifted from glacially-derived sands 
to the erosion of upstream bedrock in the middle paraglacial period. Finally, the late 
paraglacial period (ca., 4000 years ago) was defined by a marked decrease in relative sea-
level rise and an increased reliance on non-glacial sediment sources (Hein et al., 2014). 
The northeast U.S. coastal systems face a two-pronged impact that includes a reduced 
natural sediment load from regional geology and decreased sediment load from 
anthropogenic modifications, such as those observed elsewhere by Wang et al. (2007) 
and Yang et al. (2010).  
Merrimack River Anthropogenic History  
 Anthropogenic impacts along the Merrimack River on sediment discharge include 
dredging operations, urbanized landscapes, and dams, behind which very coarse sediment 
is trapped (FitzGerald et al., 2005). Dams for textile mills (Fig. 1) in the Merrimack 
River watershed date back to the 1820s at Lowell and the late 1840s at Lawrence 
(Steinberg, 1991; Molloy, 1976), with prior mills being predominately small grist and 
sawmill operations (Donahue, 2004). Dredging operations for waterway navigation began 
during the era of steamboats, around 1870 (Bradlee, 1920). Urbanization is a more recent 
phenomenon within the watershed (Mayer et al., 2002). This record of anthropogenic 
impacts, highlighted in Figure 4, suggests a peak discharge of sediment from the 
Merrimack likely occurred in the middle of the 19th Century at the onset of the Industrial 
Revolution. Colonization contributed to deforestation proximal to the coast (Donahue, 2004; 
Kirwan et al., 2011), while the rise of industrialization led to damming of the watershed in 
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many locations—the most well-known being the famous Lowell Mills in Lowell, MA 
(Molloy, 1976; Steinberg, 1991). More recent land-use changes in the watershed include 
urbanization and an increase in impervious surfaces (Mayer et al., 2002). While we 
understand—or are in the process of understanding—the sources, mineralogy, and dynamics 
of coarser sediments that feed Plum Island (e.g., Hein et al., 2012, 2014), the export-rate of 
fine-grained sediments that build the Great Marsh and tidal flats like Joppa Flats are poorly 
understood and relatively understudied.  
Plum Island Sediment Supply 
 Previous workers in the Plum Island barrier-back-barrier system considered local 
fine-grained sediment supply from the Parker and Rowley Rivers to the Plum Island 
back-barrier marshes during the period of colonial occupation (Kirwan et al., 2011). The 
Parker and Rowley Rivers have a much smaller combined watershed (585 km2) than that 
of the Merrimack River, localizing the scale of anthropogenic influences. Kirwan et al. 
(2011) suggest that sedimentation in the 17th and 18th centuries drove marsh accretion, 
conflicting with prior studies linking marsh accretion with changes in the rate of sea-level 
rise. Priestas et al. (2012), however, argue that the findings of Kirwan et al. (2011) are 
flawed because of conflicting evidence from historical maps and flaws in peat dating 
methods. The contested character of the rate and nature of fine-grained sediment export 
to the Plum Island back-barrier system accentuates the need for further investigation of 
fine-grained export from the dominant watershed in this system. This study addresses this 
problem through the use of multiple proxies, including radiocarbon dates, major and trace 
elemental analyses, bulk stable carbon isotopes, and radioisotopes, to understand changes 
in the vertical accretion of Joppa Flats tidal flats.  
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Figure 4: Idealized conceptual model of sediment discharge to the Merrimack 
Embayment over the last ca. 500 years.  
 18 
 
Fi
gu
re
 5
:  T
im
el
in
e  
of
 m
aj
or
 a
nt
hr
op
og
en
ic
 c
ha
ng
es
 w
ith
in
 th
e  
M
er
rim
ac
k  
R
iv
er
 w
at
er
sh
ed
 b
as
in
 a
nd
 th
e  
M
er
rim
ac
k  
R
iv
er
 e
st
ua
ry
 
(M
od
ifi
ed
 fr
om
 F
itz
si
m
on
s i
n 
pr
ep
.) 
 
 19 
Methods  
 
Field Methods and Sedimentology  
 Cores of 1-2 meters in length were collected at five sites along a transect across 
Joppa Flats in June of 2015 (Fig. 6). Duplicate were taken at each site, with each core used 
for different analyses. This was done using a canoe-mounted piston-coring system to 
minimize artificial compaction. The collected cores were opened and described using 
visual indicators of grain-size, roundedness, Munsell color, and mineralogy. The cores 
were imaged using photography and x-ray.  
Density and Organic Content  
 Core C was sampled for bulk density and loss-on-ignition (LOI) at 1 cm intervals 
from 0-50 cm and 5 cm intervals from 51-138 cm.  Cores A and E were sampled for bulk 
density at 1 cm intervals for the first 20 cm to coincide with radioisotope analysis intervals 
described below. Wet bulk density was determined by measuring the mass of a known 
volume of wet sediment. Dry bulk density was calculated by oven-drying a known volume 
of sediment at 60OC and then measuring its mass. Loss-on-ignition was calculated by 
combusting 1-2 grams of sediment at 600OC for 8 hours and measuring the difference in 
mass between the sample before and after combustion. Archive samples from all cores 
were freeze-dried, homogenized, and powdered. Select samples from core C were 
analyzed at the Woods Hole Oceanographic Institute Organic Mass Spectrometry 
Facility, providing a down-core record of total organic carbon and bulk sediment δ13C at 
5-cm resolution. 
Dating Methods  
 20 
Radioisotope Dating  
 Three cores, A, C, and E, were sampled at 1 cm intervals for the first 20 cm down-
core for use in radioisotope dating. The sediment was oven-dried at 60OC, homogenized, 
weighed, and then packed in 25mL petri-dishes and sealed using paraffin wax and vinyl 
electrical tape to retain radon gas for 226Ra isotopic measurements. Samples from cores A 
and C were measured for 137Cs gamma emissions using a Canberra 5030 Broad Energy 
Germanium (BEGe) gamma detector for a period of at least 24 hours. 137Cs (t1/2 = 30.24 yr) 
produced during nuclear fission in nuclear weapons and reactors, with the first detection of 
137Cs associated with the 1954 CE and the peak of detection is associated with the year 
1963 CE.  The samples were allowed to equilibrate for 30 days before being counted for 
210Pb gamma emissions on the same Canberra 5030 BEGe gamma detector.  210Pb (t1/2 = 
22.3 yr) is part of the 238U and forms naturally in sediments and rocks that contain 238U. 
Moreover, 210Pb also is sourced from Radon gas. 210Pb takes approximately 7 half lives or 
150 years to reach near-zero.  From these data, a Constant Rate of Supply model (Appleby 
and Oldfield, 1978) was applied to determine ages in the upper portion of these two cores. 
Unsupported 210Pb, or 210Pbex, was determined by subtracting estimated 226Ra radioactivity, 
calculated by taking the average of the concentrations of 214Bi and 214Pb, from total 210Pb 
radioactivity. Using 210Pbex inventories from each core, the variables from the formula:  
A = A(0)e -λt  
were satisfied, where A is the inventory of  210Pbex below a particular section of core in (Bq 
mm-2), A(0) is the steady-state inventory of the entire 210Pb profile, and λ is the 210Pb decay 
constant. With this, t, the time a now-buried section was once at the surface, was calculated 
for each section of core.  
 21 
 
 
Error for the CRS model was calculated using the formula below from methods by Kaste et 
al. (2011): 
1" = $/$, where n = the number of detected counts  
 An average count of 1000 counts for 210Pb gives a 3.3% error. An average of 7000 counts 
for 226Ra yields an error of 1.2%. An average error of 3.5% was calculated for 210Pbex based 
on propagation of error for 226Ra (1.2%) and 210Pb (3.3%). Using the same formula, a 5.7% 
error was calculated for 137Cs radioactivity.  
Radiocarbon Dating  
 Seven mollusk, wood and peat samples were selected from cores for radiocarbon 
analysis at the National Ocean Science Accelerator Mass Spectrometry facility at Woods 
Hole Oceanographic Institute. All radiocarbon ages were calibrated using OxCal 4.2 
(Bronk Ramsey, 2009) which includes a reservoir correction. Terrestrial samples (peat 
roots) were calibrated with Intcal13 (Reimer et al., 2013) calibration curves. Marine 
samples (all mollusks) were calibrated using Marine13 (Reimer et al., 2013), corrected to 
a regionally averaged ΔR of 107 ± 37 years (following Hein et al., 2012).  
Dates from Industrial Contamination  
 Concentrations of industrial contaminants were measured using X-Ray 
Fluorescence (XRF).  U-channel samples covered in rolled Ultralene foil from three 
cores—A, C, and E—were analyzed with an Avaatech XRF Core Scanner using three 
combinations of instrument settings. The first run relied on a 30 second count time, 10kV 
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voltage, 200 uA tube current, and 1-cm sample interval. The second run used a 200 second 
count time, 30kV voltage, 1000uA tube current, and 1-cm sample interval. The third run 
used a 100 second count time, 30kV voltage, 1000uA tube current, and a 1-cm sample 
interval. The raw data from each run on each core were processed using the software 
program WinAxilBatch through three different models available from Avaatech: 10kV 
lang, 30kV lang, and 50kV. Additionally, each run for each core was processed in the 
software program WinAxilBatch through two models available from the Department of 
Marine Science at the University of North Carolina, Chapel Hill: 15kV McKee and 30kV 
McKee (Anna Jalowska, University of North Carolina Department of Marine Science, pers. 
comm., July 30, 2015). Using three standards from UNC Chapel Hill, counts for each 
contaminant of interest were converted to parts per million concentrations. Dates were 
determined using As and Zn, two industrial contaminants from textile industry, and lead, a 
source of pollution from industrial and automobile emissions. As and Zn are associated 
with the start of the Industrial Revolution, providing a date of 1850 (Donnelly et al., 2001, 
Brandon et al., 2014). An initial increase in lead, like other heavy metals, is associated with 
the late 1800s (Bricker-Urso et al., 1989; Donnelly et al., 2001; Scileppi & Donnelly, 
2007) and in particular 1875 (Kemp et al., 2012). Peak concentrations of lead in New 
England commonly mark the mid-1960s (Johnson et al., 1995).  
 
Sedimentation Rate Calculations 
 Sedimentation rates were calculated using median dates from all three dating 
methods. Vertical error was calculated using minimum and maximum depth ranges 
between ages. Rates were converted from vertical accretion length per time to sediment 
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mass per area per time by multiplying vertical accretion rates by the average bulk density 
of a relevant core section.  
Figure 6. Transect of coring sites across Joppa Flats tidal flat. Note historical breakwater still in place.  
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Results 
Sedimentology and Organic Geochemistry  
Core Descriptions 
 Stratigraphic analysis of cores taken in transect across Joppa Flats provides 
evidence of four primary stratigraphic units. Figure 7 provides a cross-section along the 
cores, where marsh-proximal cores are toward the left and river channel-proximal cores 
are to the right. Each core is positioned in Figure 7 with its elevation relative to mean sea 
level.  Below 60 cm downcore, a clear divergence emerges between the marsh- and river-
proximal cores. The marsh-proximal cores, A and B, contain fining-upward deposits 
interpreted as channel fill. In core B, the bottommost sections of the core contain pebble-
sized rock fragments. The river-proximal cores, C, D, and E, reveal an organic-rich 
deposit with abundant rootlets, interpreted as peat. The peat layer laterally extends at 
least 400 m along a north to south transect. All cores in the transect contain a layer of 
coarse sand and shell hash between approximately 30 and 60 cm downcore. The 
uppermost approximately 30 cm of each core contains modern organics and relatively 
fine grained sediment. The top stratigraphic unit coarsens in cores D and E, which are 
proximal to the modern channel of the Merrimack River. 
 Bulk Density and Loss-on-Ignition 
 Given the predominance of the organic-rich deposit, loss-on-ignition (LOI) and 
bulk-density were calculated for the entire central core (core C) to provide more detail 
regarding changes in organic content downcore (Fig. 8). Core C is representative of the 
river-proximal cores and provides a clear stratigraphic record, in that it is located distal 
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from the strong flows of the modern river and free of the fining-upward channel fill 
deposits. Overall, organic content is fairly low, ranging from 2-14 %. At 60 cm, organic 
content increases downcore, reaching a peak over 14% around 120 cm. Organic content 
decreases from 14% to 6% at between 120 and 130 cm. Bulk density generally decreases 
downcore from 60 cm. Below 60 cm, bulk density is between 0.5 and 1 g/cm3, while bulk 
density is between 0.75 and about 1.5 g/cm3 above 60 cm.  
Bulk Organic Geochemical Data 
 Bulk organic geochemical data were obtained for the central core (core C) in 
order to further explore the nature (i.e., source) of organic matter. Figure 9 shows total 
organic carbon (TOC), carbon to nitrogen ratio (C/N), and bulk δ13C. Organic content is 
greatest from 60-130 cm downcore, which corresponds well to the stratigraphic and loss-
on-ignition results showing a high organic content at this depth. The C/N ratio oscillates 
between 12 and 14 from 0-50 cm. At 60 cm, the C/N ratio increases, but decreases again 
to between 12 and 14 from 70 - 90 cm. The C/N ratio remains higher between 100 - 140 
cm with values between 14-16. Values for δ13C are most negative from 0 - 50 cm, 
ranging from -21.4 to -23.8 per mil. At 60 cm and lower, δ13C values shift to a more 
positive range of -20.8 to -17.2 per mil. From 0 to 60 cm the core has a different mixed 
sediment source that is interpreted to include influence from terrigenous soils. The final 
plot in figure 8 shows the relationship between LOI and TOC. The R-squared value is 
0.77 and the relationship is expressed by the equation TOC = 0.3298(LOI) + 0.0602, 
indicating LOI may be a useful proxy for TOC in the other cores from this site.  
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Dating Techniques Results 
Radioisotope Dates 
 Records of 137Cs and supported 210Pb illuminate important age constraints in cores 
A and C (figure 10). For core C, the graphs reveal a decline in excess lead 210Pb 
interpreted to be within the range of detection error of less than 2 Bq/kg by 16cm. Data 
for this core are preliminary because of an incomplete 210Pb inventory. This data gap is 
being addressed currently. In core C, 137Cs data are unclear, but suggest a peak of activity 
within the first 6 cm of the core.  Dates for core C from the application of the Constant 
Rate of Supply model are displayed in Table 1. Based on this model, the depth interval 
15-16 cm represents the year 1922 (CE). In core A, excess 210Pb declines to detection 
limits by 12-13 cm. Table 2 displays the results of the Constant Rate of Supply model for 
core A. The depth interval 11-12 cm represents the year 1899 (CE).    
 For core A, 137Cs are also unclear. This lack of clarity in the 137Cs for both cores 
may be the result of leaching of 137Cs, demonstrated as a problem common to New 
England lakes (Davis et al., 1984). In these lakes, Davis et al. (1984) found that the 
mobility of 137Cs may be a result of molecular diffusion and absorption. Moreover, the 
researchers believe that the effects of these same processes do not impact the reliability of 
210Pb dating methods.  
Radiocarbon Dates 
 Radiocarbon dates from three cores further constrain dates of deposition within 
the last 5000 years (Table 3). All radiocarbon dates in the text are reported as 2-sigma 
calibrated ages before 1950. In core C a mollusk shell from depths 44-51 cm corresponds 
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to 352 ± 87 years BP, organic matter at 52-56cm corresponds to 379 ± 79 years BP, and 
organic matter at 132-133cm corresponds to 4324 ± 130 years BP. In core E a mollusk at 
53-60 cm corresponds to 348 ± 87 years BP, organic matter at 98-100 cm corresponds to 
3705 +/- 93 years BP, and additional organic matter at 108-109 cm corresponds to 4124 
+/- 151 years BP. In core D, organic matter at 61-62 cm corresponds to 2838 +/- 81 years 
BP. 
X-Ray Fluorescence Elemental Data: Industrial Era Contaminants  
 Records of the onset of arsenic (As) and zinc (Zn) contamination in the 
sedimentary records at from Joppa Flats provide chronological constraints on 
sedimentation into the system (Figure 11).  As and Zn both have large and sustained 
peaks between approximately 20 and 30 cm downcore. The depth 30 cm where 
contaminants begin to increase is interpreted as the beginning of the Industrial 
Revolution, commonly considered 1850 CE (Donnelly et al., 2001, Brandon et al., 2014). 
Earlier fluctuations in As and Zn predate the industrial era by 200 to 300 years according 
the radiocarbon data from the same core. Furthermore, the high As and Zn abundances at 
depth correspond to organic-rich peat units and are interpreted as the products of sulfur 
reduction in anaerobic environments.  
Sedimentation Rate Results  
 Net sedimentation rates were derived for two cores (A and C) and are expressed 
as functions of mass per area per time (g cm-2 yr-1) in figures 13 and 14. For core E 
(figure 15), only a net accretion rates could be calculated because additional bulk density 
data needs to be collected. In core C, the first time period provides a long-term record of 
average sedimentation rate of 0.018 to 0.02 g cm-2 yr-1 from 2244 BCE – 1598 CE. The 
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second time range provides an average sedimentation rate of 0.069 - 0.11 g cm-2 yr-1 from 
1598 - 1850 CE. The third time period provides an average sedimentation rate of 0.24 – 
0.26 g  cm-2 yr-1 from 1850-1922 CE. The fourth date range provides an average 
sedimentation rate of 0.153 – 0.175 g cm-2 yr-1 from 1922-2015 CE.  Sedimentation 
increased five fold from the baseline sedimentation between 1598 and 1850 CE. The 
highest average sedimentation occurs between 1850 and 1922 CE, at a rate nearly 13 
times that of the long-term sedimentation rate. In core A, limited data is available because 
no radiocarbon date exists from this core. Available rates show a decline at 1898 from 
0.12 – 0.17 g cm-2 yr-1 to 0.86-0.1 g cm-2 yr-1.  
Data from core E are calculated as accretion rates in cm yr-1. From 1755 (BCE) to 
1602 (CE) accretion rates were 0.011 to 0.014 cm yr-1. Rates increased after 1602 (CE), 
ranging from 0.15 cm yr-1 to 0.17 cm yr-1. Between 1875 and 2015 rates decreased to 
0.71 cm yr-1.   
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Figure 8. Loss on Ignition and Bulk Density data points for Core C, the central core in 
transect. Note the inverse relationship between the two, the result of less dense organic 
matter after about 60 cm downcore.  
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Figure 9. Downcore profiles of Total Organic Carbon (TOC), δ13C, Carbon to Nitrogen ratio, and the 
relationship between TOC and Loss on Ignition. Note that organic content is greatest between 60 and 
140 cm, with a peak just below 100 cm. The data from δ13C are interpreted to show a distinct shift in 
sediment source around 60 cm. Depths between 60 -120 cm display a δ13C signature more closely 
related to that of C-4 salt marsh plants, while depths above 60 cm have a signature more closely 
related to terrigenous soil and depths below 120 cm have an estuarine source. 
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visible, error is within size of the marker.  
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Figure 11.  Lead concentrations downcore for cores A and E. Purple area 
highlights peaks of these two industrial chemicals. Labeled dates based on 
common interpretations from literature (See methods and results sections for 
discussion).  
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Figure 12.  Arsenic and zinc concentrations downcore for the central core in transect (Core 
C). Purple area highlights overlapping peaks of these two industrial chemicals. The earliest 
increase in concentration is interpreted to mark the year 1850.  
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Figure 15. Sedimentation rates for for core A. The boxes outlined in grey denote 
vertical error/range in depth measurement.  
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Discussion 
Stratigraphic Spatial Heterogeneity: Estuarine Change and Implications for 
Sedimentation Rates 
Spatial heterogeneity in these cores highlights the dynamic environments captured 
in these records. While the uppermost stratigraphic units are homogenous between cores, 
representing a mix of sand and mud, sections further downcore are heterogeneous. The 
sequence of channel fill deposits in cores A and B suggest a prior channelization in Joppa 
Flats. While these sequences in cores A and B are shown to have been deposited before 
the arrival of Europeans, evidence of a previously more-channelized estuary is found in 
the historical record as well. The maps included in Figure 16 show channels occupying 
areas of the tidal flat in 1781, but only remnant channels exist in an 1830 map. Two 
features highlighted on the 1830 map, a turnpike allowing access to Plum Island and a 
breakwater, likely restricted flow into the system, allowing for infilling of the channels 
and reducing flows in the system. With reduced flows, less channelization occurs in the 
modern.  
Peat deposits in three cores suggest that marsh once existed between 4000 and 
500 years ago where a tidal flat existed today.  An erosional event likely was a primary 
driver of marsh decline based on gradual decrease in organic content between 80 and 60 
cm and the sharp contact between fine, organic-rich muds and coarser sands at 60.5 cm in 
core C. Similar sharp contacts exist in cores D and E at 57 and 82 cm, respectively. No 
evidence of erosion in the form of sharp contacts is found in any of the cores in the upper 
60 cm (i.e., last ca., 400 years).  
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Evidence of channel infilling and marsh erosion correspond well to recent work looking 
at the migration of Merrimack River inlet prior to the installation of two jetties by the 
U.S. Army Corps of Engineers. Before hardening structures were put in place, the 
Merrimack River mouth downstream of Joppa Flats migrated some 500-100 m south of 
its prior position in the course of only about 100 years. In the process of ebb-delta 
breaching, the Basin was created, changing the morphology of the northern most end of 
the island (Hein et al., 2016). Taken together, these stratigraphic data and records of inlet 
migration suggest a series of natural—not anthropogenic--estuarine events drove channel 
migration and marsh degradation in this system. Moreover, radiocarbon dates indicate 
these channel infill and marsh stratigraphic units pre-date major European settlement in 
the Merrimack River watershed.   
 Spatial heterogeneity at depth suggests that pre-European rates of sedimentation 
vary greatly spatially. Marsh accretion in cores C, D, and E, likely occurred on different 
timescales than did channel migration and infilling at depth in cores A and B. Channels 
infill on short timescales, while marsh sedimentation is a slower process involving both 
organic and inorganic sediment contributions. For these reasons, sedimentation rates used 
in this study were calculated, where possible, using time and depth ranges that do not 
cross between stratigraphic units.  
Fluctuations in Sedimentation in Response to Anthropogenic Land-use Change  
 Sedimentation rates in three cores (figures 13, 14, &15) reveal a mid-19th century 
increase in coastal sediment supply in the Merrimack River estuary. Background 
sedimentation rates in two cores are particularly low, while background rates for the third 
core are unavailable because of channel infill deposits which would distort the accuracy 
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of accretion rates. The mid-19th century pulse of sediment into this coastal system 
resulted in accretion rates which were an order of magnitude higher than previous rates. 
Furthermore, these mid-19th century sedimentation rates for core C are about double 
those of the 17th and 18th centuries. No 17th and 18th century rates were available in core 
A because of a lack of datable material, while in core E, sedimentation rates for the 18th 
and 19th centuries are similar, indicating a sustained peak of sedimentation in these 
centuries in core E. Taken together, these data indicate an increased sedimentation in the 
Merrimack River estuary beginning as early as the 18th century with sustained high-levels 
of deposition well into the early 20th century.  
 Peak sedimentation corresponds to known periods of changing land-use from the 
historical record from the Merrimack River Valley. These key historical events are 
highlighted in figure 5, while figure 17 adds these historical events as annotations to the 
sedimentation rates for a Core C. Based on historical land-use changes, fluctuations in 
accretion can be linked to watershed-scale anthropogenic events. In particular, the onset 
of intensive agriculture use is likely a primary driver of increased sedimentation into the 
system. Previous research indicates a link between intensive agricultural practices and 
increases in sediment supply as measured by increased suspended sediment content 
(Meade 1969, Tweel and Turner, 2012), marsh growth (Kirwan et al., 2011, Tweel and 
Turner, 2012), soil erosion (Walling, 1999; Dearing and Jones, 2003), and expanding 
bayhead deltas (Pasternack et al., 2001; Jalowska et al., 2015). Data from the Merrimack 
River estuary likewise show increased sediment supply during a periods of agricultural 
expansion. Measured sedimentation rates increase initially above the background rate 
during early coastal settlement of New England (ca. 1650 – 1750). This timeframe 
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corresponds well to research by to Kirwan et al. (2011), also in the Plum Island Estuary, 
which showed marshes at the the mouth of the Rowley River grew in response to 
increases in agriculturally derived sediment.  
 While the initial increase in sedimentation (figure 17) occurs at the same time as 
the marsh growth observed at the mouth of the Rowley River, peak sedimentation in the 
Merrimack Estuary (ca. 1850-1900) occurs at a later date than that observed by Kirwan et 
al. (2011) (ca. 1600-1800). Instead, this peak sedimentation aligns with the historical 
record of peak land clearing and intensive agriculture in the Merrimack River watershed 
(figure 5). A similar time period (ca. 1850) of peak sedimentation occurred in the 
Chesapeake Bay (Pasternack et al., 2001). The late onset of intensive agriculture in 
upland areas relative to coastal settings is one factor to consider in the differences 
between small coastal rivers (e.g. the Rowley River) and larger rivers like the Merrimack.  
Another factor to consider is sediment transport differences inherent to larger rivers as 
compared to smaller rivers. For example, floodplains may temporarily store much of the 
sediment transported by large rivers (Costa, 1975; Walling, 1999). Likewise, off-river 
water bodies provide a non-coastal site of accumulation in larger New England rivers like 
the Connecticut (Woodruff et al., 2013). There may be a lag-time in these larger rivers 
between large-scale land-use changes and when sediment reaches the coast because of 
longer transport times (Walling, 2006)  
 Recent sedimentation rates (figures 13, 14, & 15) in the Merrimack Estuary 
indicate a decline in sediment supply during the 20th century. Sedimentation rates 
decrease toward levels seen in the 17th and 18th centuries, but not to background levels. 
These changes are most likely attributable to the effects of dam-building along the river 
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channel, combined with urbanization and dredging for navigation. The effects of dam 
construction on coastal wetland sedimentation (Tweel and Turner 2012), river sediment 
loads (Wang et al. 2010), and the global flux of sediment to coasts (Syvitski et al., 2005) 
are well documented. The Merrimack, unlike the Yellow River, China, and Mississippi 
River, experienced major dam construction in the 19th century (Steinberg, 1991). The 
effects, then, of specific dams on sedimentation rates are hard to ascertain. The 
Merrimack may have, like the Yellow River, experienced a “step-wise” decrease over a 
long period of time (ca. 50 years) (Wang et al., 2007). Such a slow decrease would 
explain the apparent lag between the era of primary dam construction (19th century) and 
signal of decreased sedimentation observed in the Merrimack Estuary (20th century). 
Alternatively, declining sediment supply may also be partially attributable to the 
exhaustion of the pulse of erodible sediment available following deforestation and 
intensive agriculture.  
 Decreasing 20th century sedimentation is also attributable to the effects of 20th 
century urbanization and declining agricultural land-use. Previous research links 
increased catchment urbanization and decreased fluvial suspended sediment 
concentrations (Siakeu et al. 2004). Pasternack et al. (2001) observed a tenfold decrease 
in sedimentation rates as a result of urbanization in the Chesapeake Bay’s watershed.  
 Low background sedimentation rates observed in these cores support previous 
evidence of long-term low rates of sediment flux off of the landscapes of New England 
and to the coast. In particular, the glacial geologic history of stripped the landscape of 
extensive erodible sediment. Rivers in New England have lower levels of fluvial 
sediment discharge than southeastern U.S. rivers (Meade, 1969). A comparison of the 
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sedimentation rates from the Chesapeake Bay and Roanoke River versus those from this 
study highlight the effects of glaciation on coastal sedimentation rates. In the Chesapeake 
Bay and Roanoke River, sedimentation rates are on average an order of magnitude 
greater than those observed in the Merrimack River Estuary (Pasternack et al. 2001; 
Jalowska et al. 2015).  
 Data in figure 9 for δ13C show that between 60 and 120 cm the organic matter in 
core C has a mixed source that is is interpreted to include influence from C-4 marsh 
plants (-12 to -14 per mil). Below 120 cm, the core has a source interpreted as influence 
from estuarine algae (-20 per mil). A change in sediment source occurs in the beginning 
of the 17th century at approximately 60cm, coincident with the increase in sedimentation 
into the estuary. Younger sediments in the upper portion of the core have a δ13C  values 
between -21 and -24 per mil, which corresponds to influence from terrestrial sources. 
Interpretations rely on values given by Bianchi and Bauer (2012).  This shifting sediment 
source indicates that the increased supply of sediment into the estuary in the 17th, 18th and 
19th centuries is terrestrially derived. Given the likelihood of basin-scale erosion from 
deforested farmland as the cause of increased coastal sedimentation in the Merrimack 
system, a terrestrial sediment signature is unsurprising. This observed change in sediment 
signature supports the above interpretation of terrestrial erosion by intensive European-
style agriculture as a primary source of increased coastal sedimentation in recent 
centuries.   
Coastal Sediment Supply and Relative Sea-Level Rise  
 Sedimentation rates observed in the estuary over the last 3000 years have, 
however, not exceeded rates of rise of local sea level. From 1856 to 2001, Joppa Flats 
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experienced 2.8 mm/yr of regional sea-level rise (Donnelly et al., 2004). Recent sea-level 
rise exceeds the maximum calculated accretion rates in all but one of my cores, raising 
concerns about the long-term sustainability of the coastal system at Joppa Flats. If, 
however, Joppa Flats had accreted at rates exceeding local sea-level rise, the series of 
tidal flats would have become a tidal marsh. Long-term rates of sea-level rise also 
exceeded sedimentation rates. Mean sea-level increased at about 0.8 mm/yr from 3500 
years BP and 1000 years BP (Donnelly et al., 2004; Donnelly, 2006), while 
sedimentation rates observed in this study are 0.1 mm/yr. After 1000 years BP, relative 
rates of sea-level decreased to approximately 0.52 mm/yr, while sedimentation ranged 
from 0.1 mm/yr to 1.0 mm/yr (Donnelly et al., 2004; Donnelly, 2006). Significant 
decreases in sediment available to Plum Island would have far-reaching negative 
implications for coastal communities, which rely on these barrier systems as a protective 
cushion from the effects of storms (Otvos, 2012).  
Implications for Local and Global Sediment Supply  
 While these observed trends in sedimentation help reconstruct the historical 
legacy of humans in coupled fluvial-coastal systems at the epicenter of early American 
industrialization, they also emphasize a global-scale phenomenon. Recent research has 
highlighted the declining flux of terrestrial sediment to the ocean. In particular, where 
large reservoirs trap fluvial sediment, data indicate a decline in coastal sediments 
(Milliman and Farnsworth, 2011), which not only is of concern to global ocean 
geochemical balances, but also has immediate consequences for the balance of sediment 
at the coast. The primary implications of coastal environments starved of sediment 
include marsh loss (Tweel and Turner, 2012), coastal erosion (Yang et al., 2006), and 
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declining coastal regression and/or a switch to transgression (Anthony, 1995). Indeed, 
sediment supply is a more important factor than the effects of coastal storms in 
controlling coastal erosion on the U.S. East Coast (Zhang et al. 2002).  
 Coastal erosion on Plum Island has attracted both scientific and popular attention 
recently. In 2011, the Boston Globe showcased the dramatic effects of a single storm 
event on coastal erosion (Figure 18; Baker, 2013). Likewise, Fallon (2015) tracked 
shoreline change and documented high-resolution changes in local hotspots of erosion 
along the northern end of Plum Island proximal to the Merrimack River inlet. Recently, 
local media report erosion on the inlet-adjacent tip of Plum Island (Hendrickson, 2016). 
These events highlight the importance of understanding long-term (centuries to 
millennia) changes in sediment supply to the coastal system at Plum Island.  That the 
Merrimack River has long been the primary source of sediment for the Plum Island 
system is evidence of the potential link between declining fluvial (Merrimack) sediment 
and Plum Island erosion. Decreasing grain size from north to south along the beach face 
(Fallon, 2015; Marino, 2016) and the role of spit progradation and elongation in the 
formation of Plum Island (>60% of the island’s length) (Hein et al. 2012) both confirm 
the primary role of fluvial sediment in building the coastal system at Plum Island. While 
local hotspots of erosion on Plum Island have been attributed to the complex interplay of 
ebb-tidal delta wave refraction and shore-perpendicular engineering structures (Fallon, 
2015), long-term erosional cycles may reflect changes in fluvial delivered sediment. 
Furthermore, the paraglacial coast at Plum Island is particularly threatened by reduced 
sediment supply because of rising sea-level combined with its dependence on fluvial 
sediment sources (Hein et al. 2014).  
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The Sedimentary Legacy of Large-Scale Industrialization and Pollution   
In addition to tracking the sedimentary legacy of humans over the last ca. 400 
years, the records from this study underline the lingering industrial legacy in New 
England. High levels of zinc, arsenic, and lead in the upper layers of sediment in Joppa 
Flats are attributed to contaminants from the Industrial Revolution. These results confirm 
the long-term impacts of the Industrial Revolution along the Merrimack River discussed 
in previous research (e.g, Hartwell, 1970, Steinberg, 1991). Chemical contamination from 
textile mill effluent attracted scientific attention as early as the 1870s (Steinberg, 1991). 
A century later Hartwell (1970) documented and quantified (19 mg/L) the pollution 
found in Joppa Flats but did not specify the pollutants involved. This study contributes to 
an understanding of the industrial contamination in Joppa Flats and the Merrimack 
Estuary by confirming the presence of high levels of As, Zn, and Pb pollution in the 
sediments.  
The Value of Estuaries in Providing Sedimentary Records  
 Estuaries are sediment sinks along many Atlantic Coast rivers, preserving 
sedimentary records for millennia (Meade, 1982; Slattery and Phillips, 2011). 
Furthermore, most river sediment is trapped in estuaries as determined by annual 
sediment volume and source estimates for many Atlantic Coast rivers (Meade, 1982). 
While estuaries may also capture records of offshore sediment inputs from tides, their 
utility in reconstructing records of river input is extremely useful. Indeed, river inputs 
likely overwhelm offshore inputs at Plum Island estuary based on the large ebb-tidal delta 
at Plum Island inlet and the infilling of the navigation channel in the Merrimack River at 
some 30,000 m3 per year (Fallon 2015). That the sedimentary source signature measured 
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in this study is terrestrial in the last ca. 400 years only furthers the validity of previous 
researchers’ conclusions about the Merrimack River as a primary source of estuarine and 
near-shore sediment at Plum Island. With this conclusion in mind, it is clear that estuaries 
like the one at Plum Island provide valuable records of changing sedimentation. Recent 
work from Cape Lookout Bight, NC, concludes that paleo-records from estuaries can 
provide insight into changing sedimentation when properly paired with an understanding 
of the physiography and sediment dynamics of the estuarine basin (Elliot et al., 2015). 
Hartwell’s (1970) study of the hydrography of the Merrimack Estuary indicates 
remobilization and re-suspension of sediment likely has occurred at Joppa Flats. During 
high runoff events (>3000 cfs), suspended sediment from the river is deposited in the 
southern portion of the estuary, while lower flows (<3000 cfs) result in a partially mixed 
estuary (Hartwell, 1970). The 137Cs and 210Pb data from this study (figure 10) also 
indicate the potential for mixing whereas they follow a similar trend.  Prior research 
cautions that upstream sediment storage may outpace storage in estuaries, which may see 
a more-limited signal of environmental and land-use change (Phillips, 1991). Further 
research on the utility of estuaries in general, and Joppa Flats in the Plum Island Estuary 
specifically, should consider the role of upstream sediment storage in reducing coastal 
sediment supply. While recent research highlights the importance of sediment storage in 
off-channel river bodies (Woodruff et al., 2013), site-specific research along the 
Merrimack River would enhance the interpretations made in this study. Data available for 
the Merrimack Estuary suggest that Joppa Flats is a key sink of riverine sediment in this 
coupled fluvial-coastal system (Hartwell, 1970, Hein et al., 2012; Hein et al., 2014, 
Fallon, 2015). Combined with the sediment source data from this study, prior site-
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specific research provides ample evidence for the value of Joppa Flats as a record of 
changing sedimentation in response to anthropogenic land-use.  
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Figure 16. These two historical maps highlight the decreased channelization in Joppa 
Flats following the construction of the Plum Island Turnpike and a breakwater. Maps 
courtesy of Gray Fitzsimons. 1781 map by JFW Des Barres & 1830 map by Philan 
Anderson for Moses Pettingil.  
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David L. Ryan, Boston Globe
Figure 18. A 2013 nor’easter caused severe erosion of the dunes on Plum Island, MA, 
causing a home to fall off of its foundation and into the Atlantic Ocean. This and other 
episodes of erosion highlight the importance of understanding the effects of declining 
fluvial sediment supply on the Merrimack Embayment coast.  Photo courtesy of the 
Boston Globe.  
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Conclusion 
 
Major conclusions from this work pertain to the role of humans in changing the 
supply of sediment reaching coastal environments.  This is indicated by a pronounced 
change in sediment source, whereby younger sediments have a terrestrial signature as 
compared to a more marine signature in older sediments.  Moreover, sedimentation rates 
indicate human influences on fluvial sediment supply. Peak sedimentation rates coincide 
with peak deforestation and intensive agriculture in the Merrimack Basin. These peak rates 
are delayed as compared to smaller coastal basins.  Sedimentation rates decreased in the 
near-term, coincident with urbanization, dredging, and damming of the river. The results 
indicate that humans have been a major geomorphic agent in the coastal system at Plum 
Island, MA.  
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